It is widely accepted that cAMP regulates gene transcription principally by activating the protein 25 kinase A (PKA)-targeted transcription factors. Here, we show that cAMP enhances the 26 generation of 5-hydroxymethylcytosine (5hmC) in multiple cell types. 5hmC is converted from 5-27 methylcytosine (5mC) by Tet methylcytosine dioxygenases, for which Fe(II) is an essential 28 cofactor. The promotion of 5hmC was mediated by a prompt increase of the intracellular labile 29 Fe(II) pool (LIP). cAMP enhanced the acidification of endosomes for Fe(II) release to the LIP 30 likely through RapGEF2. The effect of cAMP on Fe(II) and 5hmC was confirmed by adenylate 31 cyclase activators, phosphodiesterase inhibitors, and most notably by stimulation of G protein-32 coupled receptors (GPCR). The transcriptomic changes caused by cAMP occurred in concert 33 with 5hmC elevation in differentially transcribed genes. Collectively, these data show a 34 previously unrecognized regulation of gene transcription by GPCR-cAMP signaling through 35 augmentation of the intracellular labile Fe(II) pool and DNA demethylation.
7 physiological concentration (50 µM) ( Figure 3 -figure supplement 1) , suggesting that ascorbate 149 may only increase the bioavailability of Fe(II) to Tet and other enzymes locally.
150
To determine whether cAMP promotes 5hmC generation via labile Fe(II), Schwann cells 151 were treated with two different iron chelators 2,2, bipyridyl (20 µM) and deferoxamine (20 µM) 152 prior to cAMP stimulation. These iron chelators drastically decreased the level of labile Fe(II), 153 and further abolished the effect of cAMP on 5hmC in Schwann cells ( Figure 3B ). The abolishing 154 effect of the iron chelators on cAMP-induced 5hmC generation was also verified in other cells 155 such as human melanoma A2058 cells (Figure 3 -figure supplement 2) . These results suggest 156 that cAMP upregulates 5hmC by elevating the intracellular labile Fe(II). 157 158 cAMP increases the intracellular labile Fe(II) by enhancing endosome acidification.
159
The molecular mechanism by which cAMP alters labile iron in principle could be related to iron 160 uptake and storage in the cell. Cellular uptake of iron is a complicated cascade involving the 161 internalization of transferrin-transferrin receptor complex and Fe(III) discharge from transferrin 162 after the acidification of endosomes, via vacuolar H + -ATPase (V-ATPase, the H + pump).
163
Subsequently, Fe(III) is converted to Fe(II) by Steap3 and leaves the endosome via divalent 164 metal transporter 1 (DMT1) to enter the LIP (De Domenico et al., 2008) . One key step in the iron 165 uptake is endosome acidification. cAMP treatment consistently decreased the pH in endocytotic 166 vesicles as measured using vesicle pH indicator that emits increasing levels of fluorescence as 167 pH decreases from 8 to 4 ( Figure 4A ). These results suggest that cAMP enhances the 168 acidification of endosome, which could underlie the elevated LIP.
169
We then tested whether elevated labile Fe(II) and 5hmC by cAMP signaling is mediated by 170 enhanced endosome acidification. Cells were pretreated with V-ATPase inhibitor Bafilomycin A1 171 (200 nM) . Indeed, Bafilomycin A1 largely abolished the effect of cAMP on labile Fe(II) as well as 172 5hmC in the cells ( Figure 4B ). Furthermore, knocking down the expression of ferritin did not 8 block the induction of labile Fe(II) elevation by cAMP indicating that iron storage may not be a 174 major target of cAMP signaling (Figure 4 -figure supplement 1) . Overall, these results suggest 175 that cAMP signaling upregulates the LIP, and subsequently 5hmC generation by acidifying the 176 endosome.
177
In an attempt to understand how cAMP signaling causes endosome acidification, we 178 examined the major known targets of cAMP, which include PKA, CNGCs, and Epac. PKA 179 phosphorylates substrate proteins and Epac acts as a guanine nucleotide exchange factor for 180 the small G protein Rap20. CNGCs are nonselective cation channels for Na + , Ca ++ , and other 181 cations, but have no known role in transporting iron. To determine whether labile Fe(II) depends 182 on the major known signaling targets of cAMP, we pretreated the cells with PKA inhibitors 183 (KT5720, H89), an Epac inhibitor (ESI09) or a CNGC channel blocker (LCD). Neither the 184 inhibitors nor the channel blocker prevented the observable alterations in labile Fe(II) in cAMP-185 treated Schwann cells ( Figure 5A ). Using an in vitro assay, we confirmed that H89 (20 µM) and labile Fe(II) is likely to be negligible. These results suggest that the upregulation of intracellular 192 labile Fe(II) by cAMP is likely independent of these known pathways.
193
Although the transcription of Epac1 (RapGEF3) and Epac2 (RapGEF4) is very low, other 194 RapGEFs, especially RapGEF2 transcripts are expressed at a much higher level (> 330 fold of 195 Epac1 or Epac2) in Schwann cells. RapGEF2 appears to be also a target of cAMP, which could 196 be further involved in the activation of other small GTPases (Pak et al., 2002) . To explore 197 whether RapGEF2 mediates the elevation of labile Fe(II) via endosome acidification, we used 9 siRNA to knockdown its expression. Due to the low transfection efficiency of primary cultured 199 Schwann cells, we alternatively used HEK-293 cells, which also showed a robust elevation of 200 labile Fe(II) and 5hmC in response to cAMP treatment. In scramble siRNA treated cells, cAMP 201 treatment decreased the pH value in endocytic vesicles and elevated the intracellular labile 202 Fe(II). However, after the expression of RapGEF2 was reduced by siRNA, the effect of cAMP 
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These results suggest that cAMP signaling, via RapGEF2, acidifies the endosome to augment 206 the LIP.
208
Activation of Gs-coupled receptors increases intracellular labile Fe(II) and 5hmC.
209
Signaling of many GPCRs either up-or downregulates intracellular cAMP, depending on the 210 coupled Gs or Gi. It was shown that isoproterenol and calcitonin gene-related peptide (CGRP) 211 elevate cAMP in Schwann cells by binding to b-adrenergic receptors and CGRP receptors 212 respectively (Cheng et al., 1995) , both of which are coupled with Gs. We therefore used these 213 two GPCRs as models to test whether their signaling can change DNA demethylation. Indeed, 214 stimulation with isoproterenol or CGRP increased 5hmC in Schwann cells ( Figure 6A ), which 215 correlated with an elevated level of intracellular labile Fe(II) ( Figure 6B ). Furthermore, AC 216 inhibitor SQ22536 largely abolished the effect of isoproterenol and CGRP on labile Fe(II)
217
( Figure 6B ). Overall, these results indicate that GPCR signaling regulates DNA demethylation 218 by augmenting the intracellular Fe(II) pool via activated ACs and elevated cAMP. 
221
It has been previously shown that cAMP shifts the transcriptome (Montminy, 1997) . Indeed, 222 7,020 transcripts were differentially transcribed in Schwann cells in response to elevated cAMP 10 as shown by RNA-seq ( Figure 7A and 7B). Of the differential transcripts, 54% were upregulated 224 and 46% downregulated, which is concordant with the bi-directional transcriptional regulation of 225 5hmC (Wu et al., 2011) . Furthermore, genome-wide 5hmC profiles were also altered by cAMP 226 treatment as revealed by hMeDIP-seq ( Figure 7C ). In total, 66,963 5hmC peaks were 227 upregulated and 10,026 peaks were downregulated by cAMP treatment. By integrating RNA-228 seq and hMeDIP-seq, we found that 4,071 differential transcripts (58% of total differential 229 transcripts) correlate with altered 5hmC peaks located within promoter regions or gene bodies 230 ( Figure 8A ). Overall, cAMP increased 5hmC level mainly in gene bodies of these differential 231 transcripts, suggesting that changes in 5hmC could be responsible for the differential 232 transcription or involved in its regulation.
233
Currently, it is thought that PKA-dependent phosphorylation of three transcription factors 234 including cAMP response element-binding protein (CREB), cAMP response element modulator 235 (CREM), and activating transcription factor 1 (ATF1) are responsible for the transcriptional 236 changes caused by cAMP (Sands and Palmer, 2008) . However, 3,965 transcripts (56.5% of 237 total differential transcripts) might be targeted by the three transcription factors after reviewing 238 ChIP data in ENCODE and ChEA databases (Yip et al., 2012; Lachmann et al., 2010) . Of the 239 3,965 transcripts, 2,372 transcripts were also accompanied with differential 5hmC peaks, 240 suggesting that these genes might be dually regulated by 5hmC and the transcription factors 241 ( Figure 8B ). Additionally, 24.2% of differentially transcribed genes have differential 5hmC peaks 242 but have not been previously shown to be targeted by CREB, CREM, or ATF1. For example, 243 cAMP dramatically induced the transcription of Egr2 (also known as , which plays a key 244 role in Schwann cell myelination (Arthur-Farraj et al., 2011) . After cAMP treatment, there was an 245 obvious increase of 5hmC peaks in the gene body of Egr2 ( Figure 8C ), which is also thought to 246 be targeted by CREB (Hossain et al., 2012) . On the other hand Pmp2, which is predominantly 247 expressed in myelinating Schwann cells (Zenker et al., 2014) , has no obvious binding motif for 248 the PKA-dependent transcription factors. cAMP treatment elevated the 5hmC level in the gene 11 body and upregulated its transcription dramatically, suggesting this gene could be regulated by 
263
The convergence of 5hmC generation and labile Fe(II) concentrations suggests a previously 264 unrecognized role for labile Fe(II) in propagating a signal initiated by cAMP and mediated by the 265 Fe(II)-dependent oxidase activity of Tet. This new role for iron is a plausible one given that 266 cellular iron uptake and the shuttling of iron from storage in ferritin as Fe(III) to its entry into the 267 cytosolic labile pool of Fe(II) is a fundamental aspect of cellular iron metabolism. While this 268 process is clearly involved in maintaining iron homeostasis and the biosynthesis of Fe(II)
269
cofactors, it appears also to have been appropriated for cellular signaling in the particular case 270 of enzymes that employ labile Fe(II) as an essential co-factor, such as the iron and 2OG-271 dependent Tet and Jumonji C domain-containing histone demethylases. The changes to labile 272 cytosolic Fe(II) measured by Trx-Puro likely also reflect the nuclear Fe(II) pool, since there is a 273 rapid equilibrium between these two Fe(II) pools, presumably via nuclear pores (Ma et al., 2015) .
12 Thus, the results described above suggest that cAMP increases the accessibility of Fe(II) to Tet 275 by augmenting labile Fe(II) in the cytosol and nucleus.
276
An increase in labile Fe(II) can be induced by cAMP in as little as 2 hours, indicating that no 277 new protein synthesis is required. The molecular mechanism by which cAMP alters labile Fe(II) 278 appears to be related to iron uptake rather than storage. Cellular iron uptake is a multistep 279 process including internalization of the transferrin-transferrin receptor complex, vesicle 280 formation, endosome acidification, Fe(III) discharge, conversion of Fe(III) to Fe(II). and release 281 of Fe(II) from the endosome to the LIP. cAMP could potentially be involved in each step of iron 282 uptake. Our results suggest that cAMP signaling increases the acidification of endocytotic 283 vesicles, which is essential for Fe(III) discharge from the internalized transferrin. This is 284 consistent with earlier studies showing that cholera and pertussis toxins, by increasing 285 intracellular cAMP, enhance endosome acidification (Van Dyke. 1997) . It could be that cAMP 286 signaling increased the number and/or activity of V-ATPase to pump H + into the endosome to 287 release Fe(II) to the LIP, which subsequently promotes 5hmC generation. Indeed, we showed 288 that inhibitors of V-ATPase largely abolish the effect of cAMP on labile Fe(II) and 5hmC.
289
The elevation of labile Fe(II) by cAMP signaling appears independent of the major targets of 290 cAMP including PKA, Epac, and CNGC. We examined the effect of RapGEF2 initially based on 291 its higher expression level in Schwann cells. cAMP failed to induce labile Fe(II) and 5hmC once 292 the expression of RapGEF2 was reduced, suggesting that RapGEF2 could be at least one 293 major mediators of cAMP to regulate labile Fe(II) and 5hmC. Thus, it is plausible that RapGEF2, 294 directly or indirectly, affects the number and/or activity of V-ATPase in the endosome. Future 295 studies are warranted to investigate how RapGEF2 regulates the function of V-ATPase.
296
Both cAMP and ascorbate appear to enhance the activity of Tet to generate 5hmC. However, 297 the mechanisms of cAMP and ascorbate in promoting the availability of Fe(II) to Tet are likely 298 different. Ascorbate at physiological concentrations has no obvious influence on intracellular 299 labile Fe(II) shown here and before (Spangler et al., 2016) , but is thought to maintain local iron 13 in the active form of Fe(II) for Tet as it does for other hydroxylases (Mandl et al., 2009) . In 301 contrast, cAMP elevates the global intracellular labile Fe(II) pool.
302
For the first time, GPCRs via cAMP are directly linked to epigenetic regulation. The first hint 303 of a possible role for cAMP in DNA demethylation came from studies on Schwann cells. Using
304
Schwann cells as a model, we showed that intracellular cAMP elevation increased the 
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One recent study showed that cAMP has an impact on DNA methylation by mainly 313 increasing the expression of Tet or DNA methyltransferases (Fang et al., 2015) . This may not 314 be a general effect but more likely a cell specific effect since we observed a decreased 315 expression of Tet2 and Tet3 in Schwann cells after cAMP treatment.
316
In this study, most experiments were conducted in Schwann cells. However, the effect of 317 cAMP on 5hmC is not limited to Schwann cells and is likely a general effect, as it has been 318 verified in other cell types. Studies have shown that 5hmC is not only a demethylation 319 intermediate but also a unique epigenetic mark that regulates transcription by recruiting a 320 different set of binding proteins compared to 5mC (Spruijt et al., 2013) . Indeed, altered 5hmC 321 profiles caused by cAMP correlated with a majority of differentially transcribed genes. Thus, 322 cAMP regulates the transcriptome by enhancing DNA demethylation, in addition to the known 323 pathway of PKA-targeted transcription factors. In silico analysis suggests that some differential 
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Protein bands were detected using a chemiluminescence kit (Millipore, Billerica, MA).
445

Image acquisition and analysis
446
Cell fluorescence images were acquired into a 512 ´ 512 frame size by averaging 16 times at a 447 bit depth of 8 using a Zeiss LSM 710 confocal microscope (Oberkochen, Germany).
448
Fluorescence intensity was quantified using Fiji (ImageJ) (Schindelin et al., 2012) . Average et al., 2013) . Peaks whose center was within 3,000 bp of the transcription start 568 site (TSS) of a given gene were considered promoter regions for that gene, and peaks whose 569 center lay in the remainder of the gene or up to 1,000 bp following the transcription end site 570 (TES) were considered gene body for that gene. Peaks outside of gene body regions and gene 571 promoter regions were classified as intergenic. Differential transcripts, with differential peaks 572 assigned to either the promoter region or gene body of that gene, were considered to be 573 potentially regulated by 5hmC. Of the 7,020 differential transcripts, 4,071 (58%) were found to 574 be potentially regulated by 5hmC. Further, visualization of both RNA-seq and hMeDIP-seq data 575 was done using UCSC genome browser (https://genome.ucsc.edu/) and bigwig files showing 576 loci of differential transcripts.
577
It is known that elevation of cAMP regulates the activity of three different transcription 578 factors: CREB1, CREM and ATF1. The Ma'ayan laboratory has posted analyzed data online 579 from both the ChEA and ENCODE projects (http://amp.pharm.mssm.edu/X2K/#downloads). To 24 find genes potentially regulated by these three transcription factors, we used the ENCODE 2015 581 and ChEA 2015 databases (Yip et al., 2012; Lachmann et al., 2010) . Experiments using rat cells 582 are uncommon in these databases, so we combined the lists of genes found regulated by all 583 experiments of a given transcription factor from human, mouse, or rat experiments. ATF1 was 584 found to regulate 2,000 genes across a variety of human cells in the ENCODE projects, of 585 which 1,996 genes were found to have a rat homolog in the Jackson Labs Complete Homology
586
Class report (http://www.informatics.jax.org/homology.shtml). CREM was found to regulate 587 5,776 genes in mouse testicular cells (GC1-SPG) in the ChEA project, of which 5,773 were 588 found to have a rat homolog in the Jackson Labs Complete Homology Class report. CREB1 was 589 found to regulate 4,040 genes across human leukemia (K562) and adenocarcinoma (A549) 590 cells in the ENCODE project, as well as 957 genes in human embryonic kidney (HEK293) cells 591 in the ChEA project. CREB1 was also found to regulate 2,393 genes in rat hippocampus and have been found to potentially be regulated by at least one of these three transcription factors.
596
Of the 7,020 differential transcripts, 3,965 (56.5%) were included in the list of genes potentially 597 regulated by one of the three transcription factors that is activated by cAMP/PKA. Differences in 598 transcription can be possibly attributed to both transcription factors and changes in 5hmC for 599 2,372 (33.8%) of the 7,020 transcripts and 1,356 (19.3%) are not likely regulated by either 600 transcription factor or 5hmC. upregulated 5hmC at promoter and gene body regions of differential transcripts. (B) 33.8% of differential transcripts were associated with both 5hmC peaks and PKA-dependent transcription factors (TF). 24.2% of differential transcripts were associated with 5hmC peaks only and 22.7% of differential transcripts were associated with TF only. The rest of the differential transcripts (19.3%) was not associated with either 5hmC peaks or TF. (C) cAMP (100 µM) increased transcription and 5hmC, mainly in the gene bodies, of Egr2 and Pmp2
shown by UCSC Genome Browser views of hMeDIP-seq and RNA-seq reads (n = 1 experiment with 3 biological replicates).
